The gene for spiralin, the major membrane protein of the helical mollicute Spiroplasma citri, was cloned in Escherichia coli as a 5-kilobase-pair (kbp) DNA fragment. The complete nucleotide sequence of the 5.0-kbp spiroplasmal DNA fragment was determined (GenBank accession no. M31161). The spiralin gene was identified by the size and amino acid composition of its translational product. Besides the spiralin gene, the spiroplasmal DNA fragment was found to contain five additional open reading frames (ORFs). The translational products of four of these ORFs were identified by their amino acid sequence homologies with known proteins: ribosomal protein S2, elongation factor Ts, phosphofructokinase, and pyruvate kinase, respectively encoded by the genes rpsB, tsf, pfk, and pyk. The product of the fifth ORF remains to be identified and was named protein X (X gene). The order of the above genes was tsf-X-spiralin gene-pfl-pyk. These genes were transcribed in one direction, while the gene for ribosomal protein S2 (rpsB) was transcribed in the opposite direction.
Spiroplasmas are mollicutes (mycoplasmas) (class Mollicutes) with motility and helical morphology (33) . Analysis of the Spiroplasma genome by classical genetic techniques has been difficult. The dependence of these organisms on complex growth media and their poorly defined metabolic pathways explain the paucity of auxotrophic mutants and hence of genetic markers in these procaryotes. In the absence of such markers, characterization of cloned DNA fragments provides the means for analyzing the structural organization of Spiroplasma genes.
The gene for spiralin seemed to be of particular interest. Spiralin (35) is the major membrane protein of Spiroplasma citri, an important plant pathogen (28) . It is apparently a transmembrane amphiphilic protein (34) , and it is acylated (37) . Acylation seems to be a characteristic of several membrane proteins of mollicutes. The role of spiralin is not known. It must, however, be a key protein of the spiroplasmal membrane, since spiralinlike proteins occur in Spiroplasma species other than S. citri (37) and probably in all spiroplasmas. Elucidation of the amino acid sequence of spiralin as deduced from the nucleotide sequence of its gene would undoubtly contribute to a better understanding of its structure and function, as well as the organization of its gene. Sequence determination of the spiralin gene was made possible by the fact that we have previously cloned the gene. A library of cloned genomic sequences of S. citri R8A2 (28) was constructed by incorporation of HindlIl restriction fragments into plasmid pBR328 and cloning in Escherichia coli (21) . The bacterial clone harboring recombinant plasmid pES1 was selected by its ability to express spiralin. Spiralin was indeed expressed in E. coli and was the first mollicute gene product to be fully expressed in a bacterium (21) .
Recombinant plasmid pES1 was subcloned into plasmid pES3'. The 5-kilobase-pair (kbp) spiroplasmal insert of pES3' has been entirely sequenced. Sequence analysis of the 5-kbp spiroplasmal insert of pES3' made it possible to identify the spiralin gene and five additional open reading * Corresponding author. frames (ORFs). Four of these ORFs have been tentatively identified as genes for ribosomal protein S2, elongation factor Ts, pyruvate kinase (PYK), and 6-phosphofructokinase (PFK) by protein bank sequence comparisons. The organization of these genes is presented.
We further show that the gene for spiralin contains no UGA codons, accounting for the full expression of the spiralin gene in E. coli. We also report that the spiralin gene can be inactivated by mutational integration of the insertion element IS].
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli TG1 was used as the host for bacteriophage M13. All recombinant plasmids were propagated in E. coli HB101. The spiroplasmal DNA insert in plasmid pES1 (21) , derived from S. citri R8A2 (28) , was used as the source of the spiralin gene. The promoter selection vector pKK232.8 was obtained from Pharmacia Biochemicals (Uppsala, Sweden).
Chemical reagents and enzymes. Isopropyl-p-D-thiogalactoside, 5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside, restriction enzymes, calf intestine phosphatase, and T4 DNA ligase were obtained from Boehringer (Mannheim, Federal Republic of Germany [FRG] spiralin in E. coli was determined by enzyme-linked immunosorbent assay (ELISA) and sodium dodecyl sulfatepolyacrylamide gel electrophoresis followed by immunoblotting, as described previously (21) .
Subcloning of pES1. Subcloning of pES1 was carried out as described previously (21) . The recombinant DNA of this clone was labeled pES3'.
Shotgun cloning and dideoxy sequencing of the spiroplasmal DNA insert of pES3'. Recombinant plasmid pES3' was used for shotgun cloning and sequencing of the EcoRI-HindIII restriction fragment of the spiroplasmal DNA insert. pES3' was sonicated at 10 W for 45 s. The resulting randomly generated fragments were separated by gel electrophoresis with 1% low-melting-point agarose. Fragments of 400 to 800 bp were excised from the gel and purified by a procedure described by Guo and Wu (13) , taking care that the melting temperature did not go beyond 65°C. The purified fragments were made blunt ended by a fill-in reaction with the Klenow enzyme. The blunt-ended fragments were ligated to the dephosphorylated SmaI-linearized M13mp8 RF vector and used to transform E. coli TG1 cells (14) . In situ hybridization (20) was used to select the recombinant phages harboring spiroplasmal DNA by using the EcoRI-HindIIl S. citri DNA insert purified from pES3' as a radioactive probe. A total of 230 hybridization-positive subclones were obtained.
Preparation of single-stranded templates, annealing reactions, and sequencing reactions were carried out according to the "M13 Cloning and Sequencing Handbook" (Amersham Corp., London, England) except that lowered concentrations of ddATP (0.015 mM) and ddTTP (0.05 mM) were used as described previously (24) . [a-35S]dATP was used as the labeled nucleotide.
Sequence analysis. Gel reading was performed with a translucent digitizing pad for direct input of the sequence data into a computer file. The NUCALN alignment program of Wilbur and Lipman (32) was used for nucleotide sequence analysis. Predicted amino acid sequences were obtained with the NUMSEQ translational program of Fritensky et al. (10) . Identification of proteins coded by the ORFs was done with the FASTP amino acid sequence alignment program of Lipman and Pearson (17) , using the protein data bank of the National Biomedical Research Foundation (Georgetown University Medical Center, Washington, D.C.).
Characterization of the spiralin gene promoter. The EcoRIHindIll spiroplasmal DNA insert of pES3' was digested by the restriction enzyme RsaI. The resulting restriction fragments were separated by electrophoresis in a 1% lowmelting-point agarose gel. A 292-bp RsaI-RsaI fragment containing the spiralin gene promoter sequence was purified from the agarose and made blunt ended with the Klenow enzyme. It was then ligated into the promoter selection vector pKK232.8, which had been linearized with SmaI and dephosphorylated. The ligation mixture was used to transform E. coli HB101 cells. Recombinant clones were selected on LB medium containing ampicillin (30 jig/ml) (Sigma Chemical Co., St. Louis, Mo.). Ampicillin-resistant transformants were transferred to LB medium containing chloramphenicol (50 ,ug/ml) (Sigma Chemical Co.).
RESULTS
Subcloning the spiralin gene of plasmid pESl into plasmid pES3'. Plasmid pES1 contains a 6.5-kbp fragment of S. citri DNA (21) . The recombinant plasmid pES3' is composed of the EcoRI-HindIII fragment of pBR328 (3.7 kbp) and the EcoRI-HindIll fragment (5.0 kbp) of the S. citri DNA insert carried by pES1 (Fig. 1) . Plasmid pES3' was in all respects identical to plasmid pES3 obtained previously (21) . The bacterial transformant carrying pES3' expressed spiralin as measured by ELISA (data not shown) and Western immunoblot (Fig. 2) . The difference in migration between the S. citri spiralin (track 1) and the spiralin synthesized in both E. coli clones (tracks 2 and 3) has been discussed previously (21) . It should be noted that the 5.0-kbp spiroplasmal DNA insert is much larger than the DNA required to encode spiralin (about 0.8 kbp). (29) and was found to comprise 5, 025 bp. Sequence data were obtained for both strands. The nucleotide sequence of the 5'-+3' EcoRI-HindIII strand, referred to as the plus strand, is shown in Fig. 3 . The complementary sequence (minus strand) of the first 700 nucleotides is also shown in Fig. 3 .
The base composition (molar percentage) was as follows: 37.3% A, 33.0% T, 17.0%G, and 12.7% C. The G+C content was 29.7%, a value slightly higher than that of S. citri genomic DNA (26.2%) (6) .
Distribution of ORFs on the spiroplasmal DNA insert of pES3'. Six ORFs were found to be located on the S. citri DNA insert of pES3'. Their locations are shown in Fig. 4 A bacterial ORF possesses a Shine-Dalgarno (SD) sequence 5 to 10 nucleotides upstream of the initiation codon. This sequence is complementary to the 3' end of the 16S rRNA (30) . Each of the six ORFs of the spiroplasmal DNA insert had an SD sequence. Figure 5 (6) .
Identification of the proteins encoded by the other ORFs is summarized in Table 1 . The protein product encoded by the interrupted ORF I shows 38% homology with the NH2-terminal amino acid sequence of ribosomal protein S2 of E. coli (1) (Fig. 6A ), indicating that ORF I is probably the S. citri rpsB gene. The amino acid sequence of the ORF II translational product had 46.0% homology with E. coli elongation factor EF-Ts (1) (Fig. 6B ), suggesting that ORF II represents the S. citri tsf gene. The S. citri EF-Ts protein (297 amino acids) was 14 amino acids longer than that of E. coli (283 amino acids). No significant homology was observed between the putative protein of ORF III and any protein identified through the bank. The ORF III protein, which remains unidentified, has been named protein X. The protein encoded by ORF V had 45.8% homology with the sequence of PFK from Bacillus stearothermophilus (Bs-PFK) (16) (Fig. 6C) . ORF IV may thus be the pfk gene of S.
citri. The S. citri enzyme (327 amino acids) was seven amino acids larger than Bs-PFK (320 amino acids). Among the proteins listed in the bank, two showed homology with the truncated sequence of the ORF VI translational product: PYK from Saccharomyces cerevisiae (35.0% homology) and a similar enzyme from chicken muscle (40.0% homology) (7, 18) (Fig. 6D ). ORF VI may thus correspond to the pyk gene encoding the S. citri PYK. The locations of the identified genes on the spiroplasmal DNA insert are indicated in Fig. 4 .
Codon usage. The codon usage for spiralin was determined from the nucleotide sequence of its gene (Table 3) . A preferential use of A-and T-rich codons was observed, especially when A or T occurred at the 3' end of codons specifying the same amino acid; less than 8.0% of the codons (18 of 241) had a C or a G at the third position. For instance, among the 32 alanine codons, only 2 were terminated with G and none ended with C. Similar results applied to valine. All codons for phenylalanine, leucine, isoleucine, proline, threonine, glutamine, lysine, cysteine, and glycine were terminated by A or T. Among the six codons for leucine, those starting with T were preferentially used over those having a C at position 1 (11 TTC versus 2 CTT). Spiralin contains no tryptophan, and its gene lacks TGA as well as TGG triplets.
The preferred usage of codons with A or T in the first or third position as described above for the spiralin gene was also operative for the five other genes rpsB, tsf, X, pfk, and pyk. The genes for EF-Ts and protein X did not contain tryptophan codons and thus should be expressed entirely in E. coli. However the 5' portion of the gene for ribosomal protein S2 had seven TGA codons (and one TGG codon), the pfk gene had two TGA codons, and the 5' portion of the pyk gene had four TGA codons.
Regulatory signals. Four putative promoterlike sequences were identified (Fig. 7) . Their positions on the spiroplasmal DNA insert are shown on Fig. 4 .
Upstream of the spiralin gene, the sequence TGTAAT (Fig. 3 , nucleotides 2477 to 2482) was only one nucleotide short of the consensus sequence of the -10 region (TATAAT) characteristic of promoters recognized by E. coli RNA polymerase carrying sigma factor cra, or the B. subtilis enzyme functioning with cr4 (8, 25) . At the corresponding -35 region, the sequence TGTTATTT (Fig. 3 , nucleotides 2452 to 2459) had the first four nucleotides of the consensus sequence TGTTGACA. An A+T-rich region occurred at -45. The transcription starting point (+ 1) could be the adenine residue (nucleotide 2493) of the sequence CAT, also Upstream of the coding sequences of the spiroplasmal rpsB, tsf, and pfk genes, three respective promoterlike sequences were present (Fig. 4) . The -10 sequences of these putative promoters were close to the bacterial consensus sequence (Fig. 7) . The -35 regions were more poorly conserved with respect to the -35 consensus sequence TTGACA, but there was in all three an A+T-rich region at -43.
Two DNA sequences that could lead to transcription terminators on the mRNA were found downstream of the spiralin gene (Fig. 3 , inverted repeat around nucleotide 3310) and the gene for protein X (Fig. 3 , inverted repeat around nucleotide 2372). The putative terminator of the spiralin gene was followed by a row of uridine residues and could thus be independent of a termination factor such as rho (27) . The stem of the protein X gene terminatorlike structure had an internal loop and ended with a row of seven U-A pairs, without a series of uridine residues at the 3' end.
The intergenic region between the termination codon of the tsf gene and the initiation codon of the adjacent protein X gene had only 31 aThe genes are truncated. ORF I is read on one DNA strand (minus strand), while ORFs II, III, IV, V, and VI are read on the other strand (plus strand).
J. BACTERIOL. ucts of these two genes probably belong to the 4-kb mRNA that was revealed by Northern (RNA) blot analysis previously described (6) .
A third inverted repeat (around nucleotide 585) was located between the promoter and the initiation codon of the rpsB gene, 86 bp downstream of the promoter or 28 bp upstream of the initiation codon ATG.
Insertional mutation of the spiralin gene. After transformation of E. coli by plasmid pES3', a clone was obtained that lacked spiralin expression. The DNA insert of the recombinant plasmid harbored by this clone was found to be about 1,000 nucleotides larger than the insert present in pES3'. Sequencing showed that the spiralin gene of this plasmid was interrupted by the insertion element variant ISIK (15) , and thus this clone represents an insertional mutation of the spiralin gene. As expected, this insertion resulted in a duplication of the spiroplasmal sequence at the target site. The 768-bp sequence of ISIK was inserted in the mutated spiralin gene after the final T (Fig. 3, nucleotide 2858 ) of CGTTGAAGT; this sequence was repeated at the end of ISIK.
DISCUSSION
The full 5.0-kbp spiroplasmal insert of pES3' containing the spiralin gene was sequenced. Six ORFs were found. The translational product of one of these (ORF IV) had a size and an amino acid composition very similar to those of spiralin purified from S. citri (37) . The only discrepancy found was in the N-terminal methionine, since no methionine was detected in purified spiralin (37) . It is known that methionine is cleaved from the N-terminal end of native peptides when it is followed by Ala, Ser, Gly, Pro, Thr, or Val as the second amino acid; but with Arg, Asn, Asp, Gln, Glu, Ile, Leu, Lys, or Met as the second amino acid, methionine is not cleaved (31) . In the spiralin gene, the initiator methionine codon is followed by AAA, a codon for Lys, and according to the above rule, methionine should remain present. As spiralin does not have an N-terminal methionine, the rule apparently does not apply to S. citri.
In Mycoplasma spp. (38) and in Spiroplasma spp. (23, 24) , TGA does not serve as a termination codon, but as a codon for tryptophan, in addition to the "universal" tryptophan codon TGG. The coding portion of the spiralin gene contains neither TGA nor TGG codons, in agreement with the absence of tryptophan in spiralin. The absence of TGA codons (read as tryptophan in S. citri but as "stop" in E. coli) accounts for the full expression of spiralin in the' bacterial transformant. The codon usage for spiralin is very similar to that described for the capsid protein of SpV4 (24): a preferred usage of A (or T)-terminated codons is observed, reflecting the high A+T content (74%) of S. citri DNA.
In addition to ORF IV (the gene for spiralin), five other ORFs have been located on the spiroplasmal DNA insert of pES3' (Fig. 4) . Each of these six ORFs is characterized by an initiation codon, a termination codon, and an SD sequence, complementary to the 3' end of 16S rRNA. In S. citri, the 3' end of 16S rRNA is identical to that of B. subtilis (OH-UCUUUCCUCCACUAG) and is 2 bases longer than in E. coli (where the terminal OH-A replaces the OH-UCU of S. citri). These observations agree with the finding that gram-positive bacteria generally have SD sequences longer than those found in gram-negative bacteria (20) , and this rule appears to apply to the SD sequences of ORFs II, III, and IV, where the base-pairing between the SD sequence and the 16S rRNA can occur over 8 bases in a row (Fig. 5) . For ORFs V and VI, 6 bases are involved, but only 4 bases for ORF I. In all cases except ORF I, the characteristic sequence AAGGA occurs. Four promoterlike sequences on the spiroplasmal DNA insert (Fig. 4) were identified upstream of ORFs I, II, IV, and V. The promoter of the spiralin gene was shown to be functional in an E. coli promoter selection vector. The spiroplasmal core RNA polymerase has the eubacterial subunit structure (a23PP') (11) , which recognizes spiroplasmal promoters with the consensus sequence TATAAT at -10 and TTGACA at -35 (6) .
Two regions with inverted repeats, leading to possible transcription terminators, were found downstream of ORFs III and IV. Assuming that the four promoterlike sequences and the two terminatorlike sequences described above are functional, it follows (Fig. 4) that the spiralin gene (ORF IV) is transcribed from a monocistronic transcription unit but that the genes for PFK (ORF V) and PYK (ORF VI) are linked together as a single transcription unit. Similarly, tsf (ORF II) and the gene for the unidentified protein X (ORF III) represent a single transcription unit. Nothing can be said about the transcription unit of rpsB (ORF I). It is noteworthy that in S. citri the genes for two key enzymes of glycolysis', PFK and PYK, are part of the same transcription unit, which suggests that these enzymes must be produced at the same time and in similar amounts. In E. coli the situation is different. The pjkA gene is 48 min away from the pyk gene, with the rpsB-tsf transcription unit in between (2, 9). Recently, the presence of PFK and PYK in S. citri has been demonstrated (22) . The PFK in S. citri is of the ATPdependent form; no pyrophosphate-dependent PFK activity (27) . Underlined residues are those that agree with the consensus sequence. Pu, Purine. was found. The PFK gene that we have identified in S. citri probably codes for the ATP-dependent PFK.
As shown in Fig. 4 , rpsB (ORF I) and tsf (ORF II) are divergent genes with overlapping promoters (3). The results of this study provide the first description of divergent genes in mollicutes. The region between the promoter of rpsB (ORF I) and the ATG initiation codon contains an inverted repeat, 28 bp upstream of the ATG codon. This sequence is such that a protein dimer with dyad symmetry would be able to bind to the same side of the DNA helix, one monomer in contact with the direct sequence, the other with the inverted sequence. Hence the inverted repeat would represent a region where a polypeptide with regulatory functions could bind to control transcription in both directions. It would be interesting to investigate whether protein X may function as a regulatory protein that acts at the inverted repeat (within the divergent transcription unit) to control transcription of the nonregulatory S2 protein.
In E. coli, the genes for S2 (rpsB) and EF-Ts (tsf) are not divergent as they are in S. citri. They belong to a single transcription unit, with rpsB being promoter proximal (1, 3) , and are transcribed in the same direction (12) .
Currently, efforts are being directed towards understanding the organization of the spiralin molecule in the Spiroplasma membrane. The results of these studies will form the basis of a subsequent report.
